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Abstract.  Solvothermal treatment of late transition metal acetylacetonates in a novel medium composed 
either of pure acetophenone or acetophenone mixtures with amino alcohols offers a general approach to 
uniform hydrophilic metal nanoparticles with high crystallinity and  low degree of aggregation. Both pure 
metal and mixed-metal particles can be accesses by this approach. The produced materials have been 
characterized by SEM-EDS, TEM, FTIR in the solid state and by Nanoparticle Tracking Analysis in 
solutions. The chemical mechanisms of the reactions producing nanoparticles has been followed by NMR. 
Carrying out the process in pure acetophenone produces palladium metal, copper metal with minor impurity 
of Cu2O, and NiO. The synthesis starting from the mixtures of Pd and Ni acetylacetonates with up to 20 
mol% of Pd, renders in minor yield the palladium-based metal alloy along with nickel oxide as the major 
phase. Even the synthesis starting from a mixed solution of Cu(acac)2 and Ni(acac)2 produces oxides as 
major products. The situation is improved when aminoalcohols such as 2-aminoethanol or 2-dimethylamino 
propanol are added to the synthesis medium. The particles in this case contain metallic elements and pairs of 
individual metals (not metal alloys) when produced from mixed precursor solutions in this case. 
 
Keywords:  metal nanoparticle; solvothermal synthesis; solvent effect; beta-hydrogen transfer; solution 
stability 
 
 
1. Introduction 
 
Nanoparticles of late transition elements attracted during the recent years increased attention of 
researchers in the view of their extremely broad application domains covering such different areas 
as plasmonics (Shaadt 2005), photocatalysis (Füldner 2010) and photoelectrochemical water 
decomposition for artificial photosynthesis and hydrogen gas production (Chen 2010), and the 
chemical catalysis in both oxidation (Roucoux 2002) and reduction (Roucoux 2002, Narayanan 
2005, Crooks 2001) processes related, in particular, to refinement and upgrading of biofuels. A 
matter of special focus have been bimetallic and especially core-shell metal nanostructures, where 
the aims have been to create magnetic noble metal particles for biomedical application (Kowlgi 
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2011), on one hand, and lower the cost of a noble metal catalyst on the other (Moreno-Mañas 
2003). 
A plethora of synthetic approaches to late transition metal nanoparticles has been developed 
through the recent years, involving reduction of metal salts by strong reducing agents such as 
sodium tetrahydroborate (Qi 1997, Hou 2005, Aparna 2005, ) or the thermal decomposition of, 
primarily, carbonyl precursors (Robinson and Zacchini 2009, Robinson and Volk 2009). These 
approaches suffer generally from the need to apply surfactants in both aqueous and non-aqueous 
media to avoid aggregation and to control the particle size (Hou 2005), and from the need to use 
highly toxic precursors such as carbonyls (Robinson and Zacchini 2009, Robinson and Volk 2009), 
or the need in special equipment such as for autoclave synthesis under supercritical conditions 
(Shin 2010).  
Bradley reaction, the solvothermal decomposition of metal alkoxides and alcohol solvates of 
salts at low temperatures through ether elimination and beta-hydrogen elimination has been 
reported recently as a route to highly crystalline oxide nanoparticles of a broad variety of 
compositions (Pazik 2009, Pazik 2013), involving in particular late transition metals. Even the 
synthesis of highly uniform in size palladium nanoparticles by this approach in acetophenone as 
solvent has been demonstrated (Wilkinson 2011). Best crystallinity in the synthesis by Bradley 
reaction is achieved when high-boiling point aprotic solvent such as, for example, acetophenone, is 
used as reaction medium. Different chemical mechanisms, producing oxides from metal-organic 
precursors involve crotonic condensation of the solvent (Scheme 1):  
O
O
O
OH
2+ +
 
Scheme 1 Crotonic condensation of acetophenone 
The most probable pathway involving participation of metal alkoxides proceeds through 
formation of ketal derivatives (Scheme 2): 
O O
OR
M
+ M(OR)n
(OR)n-1
+ MO(OR)n MOn/2
 
Scheme 2 Condensation with formation of ketal derivatives 
Last, but not the least, with the transition metal cations possessing oxidative properties, and the 
alkoxide ligands, especially the secondary ones such as 
i
PrOH and R
N
OH (2-aminopropanol) and 
even with the derivatives of enols, such as acetylacetonates, the process occurs as oxidation via a 
different mechanism [3] - the so-called β-hydrogen elimination, reducing these metal centers 
(Scheme 3): 
M(O
i
Pr)n     →    M(O
i
Pr)n-1H + CH3COCH3 
M(O
i
Pr)n-1H    →    M(O
i
Pr)n-2 + HO
i
Pr 
For late transition metal cations such as Ni
2+
, Cu
2+
, Pd
2+
 and Pt
2+
 (most probably even Co
2+
) this 
2-electron reduction could be expected to result in formation of completely reduced metals (in the 
form of nanoparticles).  
In the present article we report the application of this solvothermal approach to the preparation 
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of spherical Ni, Cu, Ni-Pd and Ni-Cu nanoparticles of well-defined size and low degree of 
aggregation in the absence of surfactants. The latter has been tested directly after synthesis by the  
Nanoparticle Tracking Analysis (NTA). The NTA is a new and strong tool to investigate the 
size of nanoparticles and their aggregation (Filipe 2010). This technique exploits Brownian motion 
of the individual particles to obtain the information about their size. The dispersion of particles is 
put under an ultramicroscope and the image is analyzed following the movement of each 
individual laser beam reflection, disclosing the motion of an individual nanoparticle. The speed of 
this motion stays in relation to the size of the particle and the viscosity of the solvent. The 
hydrodynamic radius of the particle is calculated using these parameters together with the density 
of the material the particles are composed of. An important additional feature is that the image 
analysis permits even to evaluate the relative intensity of each individual spot, thus revealing 
potentially different phases present in the sample. We have recently successfully applied this 
technique for characterization of aggregation of metal oxide nanoparticles (Pazik and Seisenbaeva 
2011) and even for the investigation of this process in real time (Nikonova 2011). 
 
 
2. Experimental 
 
All the operations with precursors and solvents used in this work were carried out in ambient 
atmosphere. The chemicals, Ni(acac)2, Cu(acac)2, Pd(acac)2, acetophenone, 2-dimethylamino 
propanol, 2-dimethylamino ethanomand 2-aminoethanol were purchased from Aldrich and used as 
received. Ethanol (99.5%) was received from Solveco AB, Sweden. Ni(II) 2-dimethylamino 
propoxide was obtained through interaction of Ni(NH3)6Cl2 with NaCH(CH3)CH2N(CH3)2 as 
described earlier by Werndrup (2001). 
The typical synthetic procedures involved heating of precursor solutions under reflux in 4 h. 
For the synthesis in pure acetophenone about 0.3 g of a precursor or a mixture of precursors in a 
given molar ratio was subjected to reflux. The synthesis resulted normally in a minor amount of 
precipitate and a colloid solution of nanoparticles that were separated by centrifugation, washed 3 
times with 10 mL of ethanol and ether dried in vacuum for further characterization or re-dispersed 
in 10 mL ethanol by sonication in 10 min (for further studies of aggregation or preparation of 
TEM samples). When aminoalcohols were used as reducing agents there amount was calculated as 
2 mol. equivalent per mol of the late transition metal. 
The SEM-EDS investigation of the samples was carried with Hitachi TM-1000-µ-DeX 
microscope and the TEM studies with the Philips EM400 microscope at the Swedish Veterinary 
Medicine Institute. The X-ray diffraction patterns were registered using Apex-II multipurpose 
diffractometer operating at MoKα radiation. The FTIR spectra were registered using the Perkin-
Elmer Spectrum 100 instrument. The NMR studies (
1
H, 
13
C) were carried out for the vacuum 
distilled fractions obtained from mother liquors from synthesis with Avance Bruker 600 MHz 
instrument. The analysis of particle aggregation in the ethanol solution was made by Nanoparticle 
Tracking Analysis technique using NanoSight instrument calibrated with a standard set of 
polystyrene microspheres. 
 
 
2. Results and discussion 
 
2.1 NTA and TEM analysis of the synthesis products  
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We have chosen the Bradley reaction in acetophenone as solvent in the view of its ability to 
deliver non-aggregated nanoparticles. This results from easy nucleation of both oxides (Pazik 
2009) and noble metal particles (Wilkinson 2011) emerging in the form of single crystals of the 
corresponding phase. It has been thus observed that among the late transition metals the 
solvothermal synthesis starting from Ni(acac)2 yields in the absence of reducing agents solely 
Ni(II) derivatives (Pazik 2013), while Pd(acac)2 produces the reduced phase of Pd(s), the so called 
H-Pd (Wilkinson 2011). Subsequent growth should be possible for beta-diketonate precursor case 
and non-noble metals or metal oxides due to Ostwald ripening. The particles produced by reflux in 
acetophenone from solutions of Cu(acac)2, Ni(acac)2, and mixed solutions of those two as well as 
mixed solutions of Ni(acac)2 and Pd(acac)2 are quite uniform in size independently of their nature. 
The Nanoparticle Tracking Analysis (see Fig. 1). 
The NTA shows quite complex pattern of aggregation: due to high reflectivity of metal 
nanoparticles it is possible to see even (a relatively weak) signal from individual particles at about 
10 nm as an individual distribution top. Both smaller, 30-40 nm, medium size 50-70 and relatively 
big aggregates with the size of about 100 nm are present. It can, however, be mentioned that no 
sub-micro size aggregates could be observed, indicating relative stability of the produced particles 
against aggregation.  
The TEM investigation showed in all cases formation of well-defined and rather uniform 
spherical particles. They were distinctly not aggregated as the TEM images could show (Fig. 2). 
The size distribution is relatively sharp with the maximum falling into the interval 10-15 nm. The 
shape of the distribution curve is slightly shifted to lower sizes with a sharper cut-off for the higer 
ones. 
 
 
 
Fig. 1 NTA analysis of the size and luminosity of the nanoparticles produced by solvothermal 
synthesis from Ni(acac)2 (a and b), and from Cu(acac)2 (c and d) in acetophenone in the presence 
of 2 equations of R
N
OH 
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Fig. 2 TEM image of the Ni-Pd alloy nanoparticles - a typical representative of the products produced by 
Bradley reaction from acac-precursors (peptization of the precipitate phase) 
 
 
We can clearly from the Fig. 1 see that while Ni(acac)2 in the chosen solvent provides in the 
presence of reducing agents such as R
N
OH a single kind of product, the solvothermal treatment of 
Cu(acac)2, even when aminoalcohol reductant is present, is generating an apparent impurity with 
the same size and size distribution as the copper metal nanoparticles. We see a fraction with 
apparently higher luminosity typical for the Cu(I) oxide - Cu2O. We have therefore made a 
thorough investigation of the factors influencing the chemical and phase composition of the 
nanoparticles produced by this type of synthesis. 
 
2.2 Factors influencing the chemical and phase composition 
 
All the syntheses carried out in acetophenone as medium resulted in clear sols with minor 
amount of precipitate that has been separated by sedimentation. An aliquot of solution was dried in 
vacuum and both solid materials were investigated by X-ray powder diffraction and SEM-EDS for 
identification of the produced phases both as obtained and after additional thermal treatment (in 
order to investigate the stability in air and in some cases to improve crystallinity. The NMR 
studies revealed in all cases the presence of dehydrogenation products of acetylacetone - the tetra-
acteyl-ethane, confirming the hypothesis of the beta-hydrogen elimination mechanism as the major 
pathway of this reaction. 
 
2.2.1 Influence of the noble metal component  
In the view of attractiveness in the single-synthesis of Pd-doped Ni nanoparticles as a potential 
alternative to Pd-catalysts for organic synthesis, the solvothermal transformation of solutions 
containing 10 and 20 mol% of palladium respectively was investigated. The results turned to 
follow a general trend: the precipitate was appreciably enriched in Pd compared to Ni, while the 
solution had a ratio affected in the opposite direction. Thus, in the synthesis starting with 10% Pd 
the precipitate contained 44 % Pd and 56 % Ni, while the solid isolated from solution contained 98 
% Ni and only 2 % Pd according to EDS. Both dry phases were gel-like consisting of 
nanoparticles not distinguishable by the available SEM instrument. The reaction starting from 20%  
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Fig. 3 XRD patterns of the precipitates and solution derived solids from respectively the syntheses starting 
from 10 mol% Pd (a and b) and 20 mol% Pd (c and d) 
 
 
Pd gave considerably less shifted element distribution: 74 % Ni and 26 % Pd in the precipitate and 
95 % of nickel and 5 % of palladium in the solution-derived phase respectively. The phase 
composition of the precipitate reveals an alloy phase very close to that of the pure palladium  
metal, while the solid material derived from solution is revealing solely that of the nickel oxide 
(supposedly, with Pd-doping, see Fig. 3).  
As the confirmation of the alloy formation can be provided the fact that oxidation of the 
precipitates in air at 300C in air yields an apparent mixture of NiO and PdO by XRD. It has to be 
mentioned that the material isolated from solution is apparently not fully crystalline which can be 
seen from the apparent amorphous halo visible at low angles in the diffraction pattern.  
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Fig. 4 XRD patterns of the precipitates from the reflux of Cu(acac)2 in acetophenone in 4 h (a) and 8 h (b) 
respectively and the SEM image of the precipitate obtained after 4h (c) 
 
 
It has to be noted that the alloy particles are obtained in this case as byproducts with only minor 
yield. 
 
2.2.2 Influence of the solvent purity 
The quality of the solvent turned to play major role in the defining the composition of products 
in case of Cu(acac)2 as precursor. When the freshly received or dried over molecular sieves 
overnight acetophenone was used for the synthesis in amount of 20 mL per 0.2 g of precursor or 
more, the precipitate phase after 4h consisted of submicrometer size metallic copper with well-
defined polygonal shape crystals (Fig. 4). Longer refluxing times (8h or more), considerably 
bigger amounts of solvent for the same weight of the precursor (over 35 mL) and application of 
the solvent stored without molecular sieves for longer periods produced cupric oxide, Cu2O as 
precipitate. In all cases this material was the major constituent of the particles in solution (yellow 
to brown color obtained from the original deep green characteristic of the precursor). It can be 
supposed that the formation of copper metal is hindered by the presence of (excess) of water 
generated by the crotonic condensation on prolonged reflux or present as an impurity already from 
the start of the process. Major mechanism of the action of water is apparently microhydrolysis 
competing with reduction through beta-H-transfer. 
The same effect could be observed when using Ni(OR
N
)2 as precursor (see Fig. 5). In this case 
the treatment in 4 h renders crystalline nickel oxide as precipitate and X-ray amorphous Ni metal 
as the major constituent of the particles in solution. Longer refluxing times, bigger amount of 
solvent etc. yield NiO even in solution. 
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Fig. 5 XRD pattern of the precipitate (a) and the SEM image of the solution derived sample (b) after 4 h 
reflux of Ni(OR
N
)2 in acetophenone 
 
 
Fig. 6 XRD pattern (a) and the SEM image (b) of the solution derived sample after 4 h reflux of 
Cu(acac)2 and Ni(OR
N
)2 in molar ratio 1:1 in acetophenone 
 
 
2.2.3 Influence of reducing agents 
As it has been demonstrated above, the presence of reducing ligands in the composition of the 
Ni(OR
N
)2 compound was not sufficient to offer pure nickel metal as product. We have then 
directed the investigation towards two potentially attractive systems - the bimetallic precursor 
mixture comprising Cu(acac)2 and Ni(OR
N
)2 in 1:1 ratio, and the simple and complex solutions of 
metal acetylacetonates in the presence of aminoalcohols such as R
N
OH and aminoethanol as 
reductants. 
 
Solvothermal synthesis in the 1:1 mixture of Cu(acac)2 and Ni(OR
N)2. 
The analysis of the produced material revealed as well as in the case of Pd and Ni a shift in 
composition with the precipitate enriched in more noble metal (40% Ni and 60% Cu), while the 
solid obtained by evaporation of the solution was distinctly richer in nickel, the less electropositive 
element (87 % Ni, 13 % Cu). The precipitate formed after 4 h of reflux contains metallic phase 
(see Fig. 6), is pink in color, but on further reflux and even on storage of solutions its color 
changes to yellow with XRD showing complete transformation into Cu2O as the only crystalline  
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Fig. 7 XRD patterns (a and c) of the solution derived sample after 4 h reflux of Cu(acac)2 and Ni(acac)2 
respectively in acetophenone and the SEM images of the Cu precipitate and Ni solution derived 
material 
 
 
phase. The material obtained from solution becomes slightly non-uniform on drying with 
formation of some denser aggregated domains (while NTA and TEM for this material indicate 
typical patterns for small particles produced by Bradley reaction). The XRD of the phase isolated 
from solution shows distinct intermediate tops between (otherwise quite related in structure) Cu(s) 
and Ni(s) and can be interpreted as a Cu-Ni alloy. 
 
Solvothermal synthesis individual Ni and Cu in the presence of aminoalcohols 
The refluxing of M(acac)2 with 2 equations of aminoalcohols in 4 h appeared to guarantee the 
complete conversion of both precursors into individual metals. In case of Cu(acac)2 as precursor 
the precipitate is composed of relatively big, about 1 µm, polygons, while solution contains 
uniform Cu metal particles demonstrated in part 2.1 of the present manuscript. The XRD (Fig. 7) 
reveals copper metal phase together with some amorphous material, possibly Cu2O, as indicated 
by NTA. 
In case of Ni(acac)2 as precursor the appearance of both the precipitate and the solid isolated by 
evaporation of solvent from the liquid reaction medium after 4 h is essentially the same, showing 
gel-like aggregates of metal nanoparticles as confirmed by NTA. The XRD is consistent with the 
metallic Ni. 
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Fig. 8 XRD patterns of the precipitate (a) and the solution derived phase (b) for the sample after 4 h 
reflux of 2 mol% Pd(acac)2 with Ni(acac)2 and 2 equations HOR
N
 in acetophenone 
 
 
Solvothermal synthesis of the Cu-Ni alloy 
The solvothermal reaction starting from Cu and Ni acetylacetonates in the presence of 1-2 
equivalents of aminoalcohols results in materials with closely analogous XRD patterns, indicating 
formation of a copper-nickel alloy but quite shifted compositions according to EDS. The 
precipitate is composed of 11 % of nickel and 89 % of copper and the mother liquor is composed 
of 86 % of nickel metal and 14 % of copper metal. 
 
Solvothermal synthesis of the Pd-Ni alloy 
The synthesis using 2 mol% of Pd(acac)2 in Ni(acac)2 together with 2 equations of 
aminoalcohols resulted in truly minor amount of precipitate, possessing relatively complex phase 
composition (both metals and nickel oxide were present together), while the solution derived 
material revealed metallic nickel related phase (supposedly Pd-doped) and some amount of 
amorphous matter (Fig. 8). The elemental analysis shows that the precipitate is composed of 
87,3% of nickel and 12,7% of palladium and the mother liquor of 98,8% of nickel and 1,2% of 
palladium. It can be concluded that the solution composition was largely reflecting that of the 
precursorsystem, offering a promising approach to Pd-doped nickel metal particles. 
 
 
3. Conclusions 
 
An attractive approach to small metal nanoparticles derived from late transition metals in a 
polar high-boiling point solvent such as acetophenone with and without reducing agents has been 
proposed in this study. 
• Metal particles appear generally to require addition of reductants such as aminoalcohols. 
• Particles uniform in size and easily dispersible in different media have been obtained as 
demonstrated by TEM and NTA. 
• The effects of the presence of a noble metal precursor, solution purity and the reducing agent 
have been investigated in detail. 
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